| INTRODUCTION
Tick-borne diseases (TBDs) are mostly prevalent in tropical and subtropical regions of the world including Pakistan (Jongejan & Uilenberg, 2004; Karim et al., 2017) . TBDs do not only affect animals, but may also have adverse effects on human health. A number of studies have been conducted to estimate the prevalence of tick-borne pathogens (TBPs) in farm animals in Pakistan (Ahmad et al., 2014; Ali, Maqbool, Muhammad, Khan, & Younis, 2013; Ashraf et al., 2013; Atif, Khan, Iqbal, & Roheen, 2012; Bhutto et al., 2012; Iqbal et al., 2013; Irshad, Qayyum, Hussain, & Khan, 2010; Naz et al., 2012; Qayyum, Farooq, Samad, & Chauhdry, 2010; Sajid, Siddique, Khan, Iqbal, & Khan, 2014) . The most important tick-borne pathogens reported to occur in Pakistan include Anaplasma marginale, Babesia bigemina, Babesia bovis, Theileria annulata, Theileria lestoquardi, and
Theileria ovis.
Most of them used conventional methods such as the microscopic examination of stained blood smears. Although this method is cheap, it requires technical expertise, may not be specific in instances where morphologically similar TBPs coexist and has limited sensitivity when the parasitaemia is low.
The development of molecular detection methods such as PCR in combination with reverse line blot (RLB) hybridization allows the simultaneous detection of different pathogens with high sensitivity and specificity (Schnittger et al., 2004) . Moreover, many of the previously conducted studies were confined to a small area and did not consider agro-ecological zones, production systems, and sampling strategies, which are all factors that can affect prevalence estimates for TBDs (Jabbar et al., 2015) . Therefore, the paucity of accurate data on the epidemiology of TBDs makes it difficult to map the existing prevalence and distributions of TBPs in Pakistan.
Given the relatively rapid expansion of the dairy industry and the increased importation of high milk-producing dairy cattle to replace and/or improve indigenous local breeds of cattle, it has become crucial to assess the status of TBDs in indigenous and exotic breeds of cattle as well as water buffaloes. It is important to note that exotic breeds are usually highly susceptible to TBDs (Darghouth, Preston, Bouattour, & Kilani, 2010) . Considering the lack of detailed molecular diagnostics-based information on the epidemiology of TBPs in Pakistan, the aim of this study was to survey which TBPs circulated in Punjab province, the region with the highest human and animal population, using a RLB assay. The results could facilitate the development of effective interventions to control TBDs in Pakistan.
| MATERIALS AND METHODS

| Study site and tick collection
Ticks were collected from 369 out of 471 examined animals; 102 animals did not carry any ticks. The examined animals included 179 cattle, 194 buffaloes, 80 goats, and 18 sheep, on 108 livestock farms in nine districts, covering both the semi-arid and arid agro-ecological zones in Pakistan. A detailed description on selection of sampling sites and tick collection procedures has been provided elsewhere (Rehman et al., 2017) .
| Extraction of DNA from tick pools
After morphological and molecular identification of the ticks (Rehman et al., 2017) , they were divided into 405 pools based on their species, locality of collection and the host, from which they were collected. Only ticks belonging to the same species and originating from the same animal were pooled together. Generally, three to five ticks from each pool were used for the extraction of DNA, but all ticks were included when <5 ticks were available. Fully engorged specimens were cut into two equal halves using a sterilized blade and only one half from each engorged tick was used for DNA extraction. The 405 pools consisted of 300 Hyalomma anatolicum, 89
Rhipicephalus microplus, 9 Hyalomma dromedarii, and 7 Rhipicephalus turanicus pools, from both semi-arid (N = 113) and arid zone (N = 292). Ticks were dried on filter paper and homogenized in 1.5 ml Safe-Lock Eppendorf® tubes (Sigma-Aldrich Chemie Gmbh, Munich, Germany) in T1 buffer (180 μl) with proteinase K (25 μl) using a disposable pestle. The tubes were subsequently incubated overnight at 56°C in a TMix shaking incubator (Analytik Jena AG, Jena, Germany). DNA extracted using a commercial kit (NucleoSpin 
| Polymerase chain reaction (PCR)
Two sets of PCRs were performed on all DNA samples, one for the amplification of Babesia and Theileria DNA, and the other for Anaplasma, Ehrlichia, and Rickettsia spp. DNA. The PCR was performed in a total reaction volume of 25 μl, consisting of 12.75 μl H 2 O, 5 μl of 5 × Phusion HF buffer, 2.5 μl of 2 mM dNTPs, 1 μl (10 μM) primers RLB-F2 (5′-GAC ACA GGG AGG TAG TGA CAA G-3′), and RLB-R2 (biotin-5′-CTA AGA ATT TCA CCT CTG ACA GT-3′) for Babesia and Theileria amplification (Gubbels et al., 1999) or primers Ehr-F2 (5′-AGA GTT TGA TCC TGG CTC AG-3′) and Ehr-R2 (5′-biotin-GAG TTT GCC GGG ACT TYT TCT-3′) for Anaplasma, Ehrlichia, and Rickettsia amplification Hailemariam, Krücken et al., 2017) , 0.25 μl (2 U/μl) of Phusion Hot Start II DNA Polymerase (Biozym Scientific GmbH, Hessisch Oldendorf, Germany) and 2.5 μl of DNA template.
A 460-540-bp 18S rRNA fragment of Babesia and Theileria spp. and a 450-500-bp fragment of the 16S rRNA gene from Anaplasma, Ehrlichia, and Rickettsia spp. was amplified for RLB analysis using a touchdown PCR as previously reported Hailemariam, Krücken et al., 2017) .
To confirm the RLB-detection of Rickettsia species, a~1,175-bp fragment of the 16S ribosomal RNA gene was amplified with the Ehr-F2 and Ricketsia-R2 primers (5′-CCT TCA GGT AAA ACC AAC TCC-3′). PCR conditions were similar as described above, except for the extension time, which was prolonged to 35 s. 
| Reverse line blot assay
Samples were screened for the presence of DNA of TBPs, that is, Anaplasma, Ehrlichia, Babesia, Theileria, and Rickettsia species by the RLB assay as previously described Hailemariam, Krücken et al., 2017) . Novel RLB oligonucleotide probes used in this study are presented in Table 1 .
| Sequencing
To verify the RLB results and follow-up on samples that gave a positive genus catch-all signal without a species-specific signal, 35 selected PCR samples were purified using the Zymoclean ™ Gel DNA Recovery Kit (Zymo Research Corporation, Freiburg, Germany) according to the manufacturer's instructions. The purified samples were sequenced by LGC Genomics GmbH, Berlin, Germany.
Sequencing results were compared to sequences deposited in GenBank through a BLAST search using the National Centre for Biotechnology Information (NCBI) platform.
| Phylogenetic analysis of novel pathogens
Nucleic acid sequences for the 16S rRNA and groEL genes from selected Anaplasmataceae were downloaded from GenBank (Supporting information Table S1 ). The groEL sequences were aligned at the codon level in Mega6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013 ) using MUSCLE (Edgar, 2004) . MAFFT was used with the Q-INS-i option to allow RNA secondary structure predictions to guide the 16S rRNA alignments (Katoh & Standley, 2013; Wilm, Mainz, & Steger, 2006) . Alignments were checked for substitution saturation using a test described by (Xia & Lemey, 2009; Xia, Xie, Salemi, Chen, & Wang, 2003) as implemented in DAMBE5 software (Xia, 2013) . These tests were separately conducted for codon positions one and two and for position three of protein-coding sequences. Separate alignments for codon positions one and two and codon position three were exported and concatenated using
FASconCat (Kück & Longo, 2014) . Phylogenetic trees were calculated using RAxML 8.2.6 (Stamatakis, 2014) fitting separate GTRGAMMA models with 25 rate categories for each partition on the CIPRES Science Gateway server (Miller, Pfeiffer, & Schwartz, 2010) . RAxML was used in the rapid bootstrapping mode with 1,000
replicates. The resulting tree was used as additional input to serve as a fixed tree topology for a second RAxML run in which node support via the Shimodaira-Hasegawa (SH) likelihood ratio tests was estimated. For a multi-locus analysis, the alignments were concatenated with FASconCat. Otherwise, the tree and node support values were calculated in the same way as for individual genes. All trees were visualized in Mega6 (Tamura et al., 2013) and rooted using the non-Anaplasma sequences.
| Statistical analyses
The infection rate of TBPs was calculated as the number of infected tick pools divided by total number of tick pools (n = 405). The binomial confidence intervals for proportions were estimated using the package 'binom' (Dorai-Raj, 2014) with the 'exact-Clopper-Pearson interval' method. The prevalence of TBPs in agro-ecological zones was compared using Fisher's exact test for count data. All statistical Table S2 ). The distribution of TBPs in the semi-arid and the arid zone is shown in Figure 1 .
The overall infection ratio (i.e., the proportion of infected tick Anaplasma marginale and A. centrale were mainly found in R. microplus in the semi-arid zone, whereas both pathogens were mainly harboured by H. anatolicum in the arid zone (Table 2) . Ehrlichia sp.
(Multan) was mainly (62/73) present in H. anatolicum in both the agro-ecological zones, whereas E. minasensis and A. platys-like organism were only present in H. anatolicum ticks from the arid zone.
Among Theileria spp., the prevalence of T. annulata (6.7%) was highest, followed by T. orientalis (3.5%) and T. ovis (0.2%). Babesia bigemina and B. bovis were present only in R. microplus ticks from the semi-arid zone, whereas B. occultans was detected only in H. anatolicum from the arid zone. T. annulata was mainly found (96.2%) in H. anatolicum ticks (Table 3) .
| DISCUSSION
| Tick-borne pathogens
The study area is endemic for TBDs, both in buffaloes and cattle (Durrani & Kamal, 2008 ) and several studies have been carried out to understand the epidemiology of TBDs in various regions of Pakistan. Very few studies actually looked at the prevalence of Ehrlichia or Rickettsia species (Robertson, Wiseman, & Traub, 1970; Robertson & Wisseman, 1973) . The number of studies that report the screening of ticks from Pakistan for the presence of TBP is also limited (Ali et al., 2013; Durrani, Younus, Kamal, Mehmood, & Shakoori, 2011; Jabbar et al., 2015) . (Ashraf et al., 2013; Atif et al., 2012 Atif et al., , 2013 Sajid et al., 2014) . We estimated that the prevalence of A. marginale was higher than the other Anaplasma species. In our study, a significantly higher prevalence of A. marginale in the semi-arid zone than in the arid zone could be linked with the higher prevalence of R. microplus, which is primarily responsible for the transmission of this pathogen (Lew-Tabor, 2016 (Guo et al., 2016) . The former two mosquito species are also endemic in Pakistan (Wajiha, Afridi, & Saeed, 2017) , and their role in the transmission of Anaplasma sp. BL099-6 needs to be investigated
| Anaplasmosis
further. An Anaplasma platys-like organism was also detected for the first time in Pakistan, but had previously been reported from bordering countries such as China (Li et al., 2016) and India (Pradeep et al., 2017 
| Ehrlichiosis
In our study, two Ehrlichia species, Ehrlichia sp. (Multan) This is the first report from Pakistan confirming the presence of multiple Ehrlichia species and could provide a starting point for further studies on the epidemiology of ehrlichiosis in this region. Further studies are required to study the vector competence of various tick species, the pathogenicity of the detected Ehrlichia species and potential implications for human or animal health.
| Rickettsiosis
In this study, R. massiliae DNA was detected by RLB in three tick pools. Additional sequencing of the ompA gene from these samples could only confirm an infection with R. massiliae for one of the tick pools. To the best of our knowledge, the only study describing rickettsiosis in Pakistan was carried out between 1963 and 1965 in West Pakistan (Robertson et al., 1970) . These authors examined six tick species that were collected from various vertebrate hosts, including domestic and wild animals, and isolated three Rickettsia species: Rickettsia conorii (cause of Indian tick typhus also known as Mediterranean spotted fever), R. sibirica (cause of north Asian tick typhus also called Siberian tick typhus), and an unknown Rickettsia species that was serologically distinct from other Rickettsiae of the known spotted fever group (SFG) (Robertson & Wisseman, 1973) .
Interestingly, these authors also found all five strains of novel Rickettsia species in Rhipicephalus ticks from Lahore and Sialkot districts, which are not far from Okara and Attock districts, where we found R. massiliae (Robertson & Wisseman, 1973) . Rickettsiosis often remain mis-or undiagnosed, and tend to be grouped with other diseases exhibiting a similar disease outcome such as fever of unknown origin. They are nonetheless an important public health concern, as they might put considerable financial burden on poor families (Rathi & Rathi, 2010) .
Rickettsia massiliae was first described in French R. sanguineus ticks (Beati & Raoult, 1993) , and since then it has been described in numerous Rhipicephalus species in Guinea (Mediannikov et al., 2012) , Nigeria (Reye, Arinola, Hübschen, & Muller, 2012) , China (Wei et al., 2015) , and Israel (Ereqat et al., 2016) . Infections with R. massiliae are commonly associated with fever, night sweats, maculopapular rash, and necrotic eschars (Ereqat et al., 2016; García-García et al., 2010) .
Rickettsi massiliae has natural resistance to rifampicin, that is, the pathogen may cause a Mediterranean spotted fever-like disease, which has been reported from the Indo-Pakistan region ( (Figueroa, L'Hostis, & Camus, 2012; OIE, 2012) .
| Babesiosis
Although previous reports from Pakistan confirmed the endemicity of babesiosis in different livestock species, this is the first report that describes the occurrence of B. occultans in Pakistan, thus extending the distribution of this species to the South Asia region.
Babesia occultans was first recovered from Hyalomma rufipes in South Africa in 1981 (Gray & De Vos, 1981) and its distribution was for a long-time thought to be restricted to sub-Saharan African coun- Bouattour, & Hurtado, 2011) . Recently, the species has been identified in cattle blood and Hyalomma ticks from Mediterranean countries (M Aktas & Ozubek, 2015; Decaro et al., 2013; Ros-García, García-Pérez, Verdera, Juste, & Hurtado, 2012; Ros-García et al., 2011) . Moreover, the parasite was recently found in canine blood samples in India (Mandal et al., 2014) . Although B. occultans has been found in ticks as well as bovine blood (Gray & De Vos, 1981; Ros-García et al., 2011) , it has not been associated with clinical disease in bovines and experimental infections in splenectomized bovines proved apathogenic (Gray & De Vos, 1981) .
However, a recent report from the southern part of Italy associated the occurrence of B. occultans with a clinical outbreak of bovine piroplasmosis (Decaro et al., 2013) . Future studies are required to explore the pathogenicity and to get a better picture of the geographical distribution of this species. Babesia occultans was prevalent only in the arid zone, which might be related to the increased abundance of Hyalomma ticks (Ros-García et al., 2012) .
| Theileriosis
In our study, three identified Theileria spp. (T. annulata, T. orientalis, and T. ovis) were recovered from two tick species (H. anatolicum and R. microplus) from Punjab province. All Theileria species have been reported previously to occur in Pakistan (Ali et al., 2013; Gebrekidan et al., 2017; Shahzad et al., 2013) .
The prevalence of T. annulata, which causes tropical theileriosis and is mainly transmitted by Hyalomma anatolicum ticks in Pakistan, was highest in the tick pools (6.7%), followed by T. orientalis (3.5%) and T. ovis (0.2%). Among these species, T. annulata is the most virulent and has numerous strains, which are broadly distributed in different geographical regions of the world. Theileria annulata produces a severe and potentially fatal disease in cattle, resulting in substantial economic losses in the dairy industry in Africa and Asia (Bishop et al., 2009 ). The disease is more acute in exotic and cross-bred cattle, where the case-fatality rate can reach up to 80%, as compared tõ 20% in indigenous cows (Jabbar et al., 2015) .
Theileria orientalis has been considered for a long time as benign (Cufos, Jabbar, de Carvalho, & Gasser, 2012) , but pathogenic genotypes have been found in many countries in the Asia-Pacific region including China (Liu et al., 2011 ), India (Aparna et al., 2011 , Australia (Islam, Jabbar, Campbell, Cantacessi, & Gasser, 2011 ), New Zealand (McFadden et al., 2011 , and Pakistan (Gebrekidan et al., 2017) . A recent study from Pakistan reported that T. orientalis might have been introduced into Pakistan by the importation of cattle from the State of Victoria in Australia where the pathogen is now endemic (Gebrekidan et al., 2017) . Thousands of dairy cattle were imported to Pakistan and blood samples from these animals were not screened using molecular assays for the presence of piroplasms prior to import (Jabbar et al., 2015) . Moreover, it has previously been suggested that the prevalence and intensity of infection of T. orientalis in cattle should be estimated upon arrival to Pakistan (Jabbar et al., 2015) . In addition to that, there is a considerable illegal live animal transport between Pakistan and India (especially through the border with Rajasthan), where it has been previously reported (Kakati et al., 2015) . The accidental importation of ticks on exotic animals during the international trade of live animals has also played an important role for the spread of tick species and TBDs (de La Fuente, Kocan, & Contreras, 2015) .
We suggest that further studies should be carried out to estimate the prevalence of T. orientalis genotypes in cattle, water buffaloes, and wildlife in Pakistan. Theileria orientalis is mainly transmitted by Haemaphysalis ticks that have been recovered from bovines in Pakistan (Durrani & Kamal, 2008) . However, the pathogen has also been detected in R. microplus from India (Kakati et al., 2015) and Vietnam (Khukhuu et al., 2011) and Dermacentor nuttalli in Mongolia (Altangerel et al., 2011) . Thus, this is the first report indicating an involvement of H. anatolicum as a possible vector of T. orientalis, but experimental studies are required to confirm the role of this tick species in the epidemiology of T. orientalis.
Theileria ovis was detected in one R. microplus pool. This Theileria species of small ruminants is thought to be widely distributed in Africa, southern Europe, and Asia (Schnittger et al., 2003; Song et al., 2018) and has previously also been detected by PCR in Pakistan (Shahzad et al., 2013) . At least six Theileria species (T. lestoquardi, T. luwenshuni, T.
ovis, T. recondita, T. separata, and T. uilenbergi) are thought to occur in small ruminants (Hong, Schnittger, Luo, Seitzer, & Ahmed, 2007) .
Although various studies have been performed to identify the tick vector(s) of T. ovis (Li et al., 2010; Uilenberg, 1981) , reported findings from older literature are difficult to interpret as the exact identity of the Theileria species under study is not unequivocally clear. In our study, the detection of T. ovis in a pool of R. microplus ticks, which were collected from a goat, may have been the result of PCR amplification of T. ovis DNA from the tick's blood meal.
| CONCLUSION
This study revealed the circulation of several TBPs in the study area, including species that had remained undetected or unidentified before. The existence of two Rickettsia species with zoonotic potential was confirmed for the first time in Pakistan. Two novel Ehrlichia and Anaplasma species were also identified. Additionally, the study provides the first evidence of the occurrence of E. minasensis, an A.
platys -like organism, and B. occultans in Pakistan, indicating that a much broader spectrum of TBPs is present in Pakistan than previously thought. It is expected that the outcomes of this study will provide baseline epidemiological data about the occurrence of various TBPs and will help to understand their distribution in Pakistan.
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